The characteristics of the nanopore structure in shale play a crucial role in methane adsorption and in determining the occurrence and migration of shale gas. In this study, using an integrated approach of X-ray diffraction (XRD), N 2 adsorption, and field emission scanning electron microscopy (FE-SEM), we systematically focused on eight drilling samples of marine Taiyuan shale from well ZK1 in southern North China to study the characteristics and heterogeneity of their nanopore structure. The results indicated that different sedimentary environments may control the precipitation of clay and quartz between transitional shale and marine shale, leading to different organic matter (OM)-clay relationships and different correlations between total organic carbon (TOC) and mineral content. The shale with high TOC content tended to have more heterogeneous micropores, leading to a higher fractal dimension and a more complex nanopore structure. With the increase of TOC content and thermal evolution of OM, the heterogeneity of the pore structure became more significant. Quartz from marine shale possessed abundant macropores, resulting in a decrease of the Brunauere-Emmette-Teller (BET) surface area (SA) and an increase of the average pore size (APS), while clay minerals developed a large number of micropores which worked together with OM to influence the nanopore structure of shale, leading to the increase of the SA and the decrease of the APS. The spatial order of interlayer pores increased with the increase of mixed-layer illite-smectite (MLIS) content, which naturally reduced the fractal dimensions. In contrast, kaolinite, chlorite, and illite have a small number of nanopores, which might enhance the complexity and reduce the connectivity of the nanopore system by mean of pore-blocking. Taiyuan shale with higher heterogeneity is highly fractal, and its fractal dimensions are principally related to the micropores. The fractal dimensions correlate positively with the SA and total pore volume, suggesting that marine shale with higher heterogeneity may possess a larger SA and a higher total pore volume.
Introduction
Minerals and organic matter (OM) are the two most basic units of shale, which together determine the structural characteristics and heterogeneity of nanopores [1] [2] [3] . Because shale is a complicated porous material which contains a complex and heterogeneous pore structure with both matrix pores and fracture networks [4, 5] , the nanopore structure parameters of shale are very vital to understand methane adsorption and desorption [2, 6, 7] . Thus, the evaluation of the nanopore structure of shale is a key issue in shale gas exploration.
Many qualitative and quantitative experimental methods have been applied to investigate shale pores, such as field emission scanning electron microscopy (FE-SEM) [8, 9] , small-angle neutron scattering [6] , mercury intrusion [10, 11] , gas adsorption [12] [13] [14] [15] [16] , and nuclear magnetic resonance (NMR) [11, 17] . Among them, low-pressure liquid nitrogen physical adsorption analysis is an effective approach to study the nanopore structure of shale [18, 19] . On the basis of N 2 adsorption-desorption, most of the pore structure parameters of shale, including pore geometry, pore volume, specific surface area (SA), and average pore size, can be characterized [20] [21] [22] . In order to investigate the complexity and heterogeneity of pore structure, the fractal theory, which is a widely used model to be applied on the basis of N 2 physisorption experiments, should be necessarily introduced. There are four common methods to research the fractal characteristics of the nanopore structure of shale, including the mercury porosity method, gas adsorption method, dispersion method, and scattering method [23] [24] [25] . In terms of gas adsorption methods, Brunauere-Emmette-Teller (BET) surface area analysis and Frenkele-Halseye-Hill (FHH) theory are usually adopted to calculate fractal dimensions [26, 27] . These adsorption theories provide a simple calculation method and an excellent theoretical basis for the investigation of nanopore structure characteristics and heterogeneity of shale. Khalili et al. [28] firstly used the gas-liquid adsorption isotherm to determine the fractal dimension of solid carbon; Fu et al. [29] investigated the fractal dimension and classification of nanopores of coal based on coalbed methane migration; Yao et al. [11] investigated the fractal characterization of coals from North China with different thermal maturity; Zhang et al. [30] studied the pore structure of coals by using the FHH model and suggested the degree of coal metamorphism is a key factor to control the fractal dimension; Bu et al. [31] studied the fractal dimension of nanopores in non-marine shales based on the FHH model; Yang et al. [32] studied the characteristics of the nanopore structure of the transitional shale and indicated significant differences between marine shale and continental shale with respect to the major control factors of heterogeneity; Liu et al. [33] investigated the differences of fractal dimension of nanopores between marine shale and terrestrial shale. Although a lot of related research works have been conducted, very few studies have examined the fractal dimension and heterogeneity of the nanopore structure of marine shale in southern North China. These fractal researches of shales and coals are conducive to the study the fractal dimension of nanopore structure and the investigation of the key issues regarding the heterogeneity of nanopore structure in marine shale.
In this study, we systematically collected eight marine shale drilling samples from the CarboniferousPermian Taiyuan Formation in Huainan coalfield, southern North China. The major aims of this study were to: (1) characterize the pore structure parameters to estimate whether marine Taiyuan shales are fractal; (2) study the relationships between fractal dimensions and total organic content (TOC), maturity of organic matter, clay minerals, quartz; (3) identify the heterogeneity of the nanopore structure of marine shale.
Geological Setting
Adjacent to the northern margin of the Qinling-Dabie orogenic belt, southern North China, especially the Huainan coalfield, is rich in coal and coalbed methane resources (Figure 1a ) [31, 34] . The Huainan coalfield is an important Carboniferous-Permian coal accumulation basin in southern North China (Figure 1a ) [35] . The ZK1 well is situated in Xinji coal mine in the western part of the Huainan coalfield (Figure 1a,b) and was drilled through the Carboniferous-Permian Taiyuan Formation (Figure 1b ,c) to collect geological information about the marine Taiyuan shale reservoir and further research the fractal characteristics and heterogeneity of the nanopore structure of marine shale.
Southern North China experienced long-term erosion, resulting in the loss of a large number of sedimentary strata in the Early Ordovician [36, 37] . In the Early Carboniferous, the crust of the study area began to subside slowly, resulting in prevailing transgression and the development of marine-continental transitional coal-bearing sediments. In the Late Carboniferous, Taiyuan Formation was deposited in the carbonate tidal flat and lagoon facies, forming thick layers of limestone and shale. The Carboniferous-Permian Taiyuan shale is the main marine shale in southern North China, with a shallow burial depth (1000-1200 m) and a thickness ranging from 60 to 100 m (Figure 1c) . [35] , sampling well location, detailed structural subdivisions of folds and faults (b) [37] , and general lithostratigraphic column of the Taiyuan Formation and sampling position of ZK1 well (c) [34] .
Samples and Experiments

Samples
For the purpose of this study, we selected representative shale samples from well ZK1 that were primely preserved and without weathering. The selected shale samples contained abundant organic matter and fine-dispersed pyrite with extremely thin bedding. In addition, we tried to select samples that were not damaged by drilling. The ZK1 well was drilled at a depth of 1174.3 m in Huainan coalfield, corresponding to the Carboniferous-Permian Taiyuan Formation between 1009 m and 1144 m (Figure 1a,b) , and eight shale samples from the marine Taiyuan Formation were obtained from this well (Figure 1c ). All shale samples were analyzed for vitrinite reflectance, TOC, composition, and nanopore structure.
Methods
The shale samples were analyzed on a Leco CS-230 analyzer to obtain the TOC content, following the Chinese Oil and Gas Industry Standard (COGIS) (GB/T4762008) [38] . The vitrinite reflectance experiment was randomly performed on an AXIO Imager Mlm microphotometer produced by ZEISS company, Oberkochen, Germany, following COGIS (SY/T5124-1995) [39] . Quantitative XRD analysis was carried out for the mineralogy of the shale, following COGIS (SY/T5163-2010) [40] .
The FE-SEM experiment of the shale samples was carried out in the Analysis and Test Center of Suzhou University, China, using s-4700 cold field emission scanning electron microscopy. Firstly, the sample was broken into blocks of about 10 × 10 × 5 mm 3 in size, and the shale surface was guaranteed to be fresh and pollution-free during the crushing process. In order to increase the sample conductivity and improve imaging quality, it is necessary to spray gold on the sample. This instrument is a secondary electronic imaging system with a super-resolution of 1.2 nm under a high vacuum of 15 KV, which is better than that of the ordinary scanning electron microscope, allowing the observation of nano-scale pores in the shale samples and facilitating the clear observation of nanopore morphology and of the shale samples [9, 19] .
Low-pressure N 2 adsorption was performed by the Autosorb iQ Station 1 Specific Surface Area Analyzer produced by Quantachrome Ins. Firstly, we crushed the selected shale samples through a 40-60 mesh. In order to remove the residual gas in the sample, the shale sample needed to be vacuum-degassed at 105 • C Celsius for 10 h. The test tubes containing the samples were placed in a Dewar bottle containing liquid nitrogen and connected to the analysis system. Then, high-purity nitrogen was applied for physical adsorption-desorption determination at a test temperature of −195.8 • C. The surface area of the shale samples was obtained by linear regression with the multi-point BET model, and the pore size distribution and pore volume of the shale samples were calculated by using the capillary condensation model Barrett-Joyner-Halenda (BJH) method [41] .
Results
Organic Petrology and Mineralogy
The TOC content of the shale samples ranged from 1.24% to 3.38%, with an average value of 2.21% ( Table 1 ). The kerogen of the shale samples was mainly of humic type (Type III), in agreement with the results of a previous works [35] . The mean random reflectance of vitrinite (R o ) of the samples varied from 0.65% to 1.94%, with an average value of 1.33%, indicating a late mature stage of hydrocarbon development. Clay minerals were the main minerals composing the shale samples, whose content ranged from 42.4% to 57.5%, with an average of 47.1%. The content of quartz ranged from 31.9% to 49%, with an average value of 40.3%, and the content of other minerals including carbonate minerals and pyrite were lower (Table 2) . Within the clay minerals, the mixed-layer illite-smectite (MLIS) was the main component, with an average value of 28.6%. 
N 2 Adsorption-Desorption Isotherm Characteristics
At present, liquid nitrogen adsorption analysis is an effective way to study the nanopore structure characteristics of materials [42, 43] . According to the adsorption isotherm types classified by the International Union of Pure and Applied Chemistry [44] , all of the shale samples here studied correspond to the Type IV isotherm with a hysteresis loop (Figure 2 ), which is the result of capillary condensation occurring in the mesopore [41] , indicating that a large number of mesopores developed in the shale samples. As a whole, the adsorption curve presented an inverse s-shape. At the low-pressure stage of P/P 0 < 0.4, the adsorption curve was nearly horizontal, slightly curving upward and rising very slowly, indicating that this stage corresponded to the transition from adsorption monolayer to multilayer. When 0.4 < P/P 0 < 0.8, the adsorption curve began to rise slowly, and this stage corresponded to the multi-layer adsorption stage. In the P/P 0 > 0.8 segment, the adsorption curve rose sharply with the increase of pressure, but when the relative pressure was close to the saturated vapor pressure, the gas adsorption did not reach the saturation state, because capillary condensation occurred in the macropores. 
Pore Structure Parameter Characteristics
The N 2 adsorption results for the determination of the nanopore structure parameters of the shale samples are presented in Table 3 . On the basis of these results, the shale samples exhibited high values of SA, ranging from 8.175 m 2 /g to 13.138 m 2 /g, with an average value of 10.62 m 2 /g. The total pore volumes ranged from 14.341 cm 3 /g to 19.508 cm 3 /g, with an average value of 16.961cm 3 /g. The pore size distribution (PSD) calculated by the model is shown in Figure 3 , showing the pore size of the shale samples ranged from 1 to 100 nm, and the average pore size (APS) was 6.696 nm to 11.014 nm. About the PSD curve (Figure 3a) , we observed three different patterns, including micropore, mesopore, and macropore portions. The micropore portion appeared unimodal, with the main peak at 1.4-1.6 nm (Figure 3a) . The mesopore portion exhibited multiple peaks, with one major peak in the range of 16-20 nm, and several other peaks (Figure 3a) . The macropore portion also appeared unimodal, with a major peak in the range from 60 to 80 nm (Figure 3a) . According to the pore SA distribution curve (Figure 3b ), there were two peaks in the pore-size range. The micropore and mesopore portions presented a significant peak in the ranges from 1.4 to 1.6 nm and from 2 to 3 nm, respectively. 
Fractal Characteristics of the Pore Structure
Fractal geometry is widely used to describe some fractal systems with no characteristic length scales [45] . Fractal dimension calculated by the gas adsorption method is an effective and reliable petrophysical parameter for describing and quantifying irregular pore structures and complicated surfaces [46] . The calculation method of the FHH model is described as follows: ln (V/V 0 ) = Constant + K[ln(ln(P 0 /P))]. where V is the adsorbed gas volume, V 0 represents the monolayer coverage volume, P 0 refers to the saturation pressure, P is the equilibrium pressure, and K is a constant dependent on the fractal dimension (D) and the adsorption mechanism, which can be obtained by the slope of the plot of lnV versus ln(ln(P/P 0 )). Then, D can be calculated through the equation used for shales:
The value of D ranges from 2 to 3, and a D value close to 3 indicates that the pore structure is complex and irregular [47] .
The plots of lnV versus ln(ln(P/P 0 )) and the results of fractal dimensions estimated according to this fractal model are presented in Figure 4 and Table 4 . Figure 4a shows that two linear segments (D1 and D2) with different gradients were obvious, which suggested two obvious phases of the N 2 adsorption process, containing monolayer-multilayer adsorption (D2) and pore infilling (D1). The two sections showed a significant linear relationship, with correlation coefficients of more than 0.95, indicating that the marine Taiyuan shales are fractal [47] . The fractal dimension D1 of marine Taiyuan shales varied from 2.6212 to 2.723,1 with an average value of 2.691 (Table 4) , which is equal to that of continental shales (2.680, on average), indicating the heterogeneity of nanopores in marine shale is similar to that in continental shale. The fractal dimension D2 from Taiyuan shale showed a wider distribution range from 2.4825 to 2.6042, with an average value of 2.563 (Table 4 ). In addition, D1 represents the roughness of the pore surface, and D2 refers to the complexity of the pore volume. Figure 4b shows that the variation trend of D1 was similar to that of D2, indicating that the roughness of the pore surface was related to the complexity of the pore volume to some extent. These higher average fractal dimensions suggested that the pore structure of the Taiyuan shale is complex and heterogeneous. Overall, these complex pores make it more difficult for gas to adsorb, diffuse, and flow in marine Taiyuan shale.
Discussion
Relationships between Abundance of Organic Matter and Main Mineral Content
The mineral composition mainly indicates the sedimentary environment of shale in the sedimentary process. The correlations between the abundance of organic matter (TOC content) and quartz and clay content of the Taiyuan marine shale are shown in Figure 5 . The results showed that the TOC content was negatively correlated to the clay content (Figure 5a ) and positively correlated to the quartz content (Figure 5b) , which is consistent with the characteristics of the Wufeng-Longmaxi and Niutitang marine shale in South China and Devonian Horn River shale in Canada [48] [49] [50] [51] [52] [53] . However, this result differs from the one obtained for the transitional Permian Shanxi and Xiashihezi shales deposited in North China, which show an opposite correlation [31] . The marine Taiyuan shale was deposited in a carbonate tidal flat facies, a favorable environment for the accumulation of organic matter, which is far away from the land and relatively unfavorable to the enrichment of terrigenous clay minerals, whereas the transitional shale was deposited in a shallow water environment, which is conducive to both sedimentation of terrigenous OM from higher plants and enrichment of terrigenous clay minerals. Therefore, different sedimentary environments result in different OM-clay relationships in transitional shale and marine shale. Basins, depressions, and lagoons are favorable areas for the formation of organic-rich marine shale, because their sedimentary systems are relatively stable. In addition, they are unfavorable for the preservation of terrigenous clay, because the terrigenous material has been transported for a long distance. Shale rich in organic matter and clay minerals possibly develops only in swamps or inland lake basins. In marine sedimentary systems, quartz is mainly derived from the hard bodies of siliceous organisms [13, 49, 52] . Therefore, there is a positive correlation between TOC content and quartz content in marine shales (Figure 5b ). Overall, different sedimentary environments control the precipitation of clay and quartz, leading to different correlations between TOC content and mineral content. 
Relationships among Nanopore Structure Parameters
To investigate the relationship among nanopore structure parameters in marine shale, the related plots are given in Figure 6 . Significant positive relationships are presented between SA and total pore volume (PV) (Figure 6a-c) , which were also demonstrated in the study of over-mature marine shale [51] . This positive relationship was more significant between the SA and the volume of the micropores (R 2 = 0.9924, Figure 6a ) and macropores (R 2 = 0.9783, Figure 6c) . Furthermore, the micropore SA presented a positive correlation to the total surface area (R 2 = 0.8428, Figure 6d ), which indicated that the SA of micropores was dominant among the nanopores of marine shale. Figure 6e exhibits an apparent positive relationship between the mesopore volume and the total pore volume, showing that the mesopore volume dominated the total pore volume in shale, which is consistent with previous studies in marine shale [2, 52, 54] . The APS showed a negative relationship with the BET SA (R 2 = 0.6632, Figure 6f ), indicating that the APS presented a significant negative correlation with SA and PV. Therefore, the negative correlations between APS and SA and PV indicated that shales with smaller APS possess more abundant micropores and mesopores. 
Relationships between Shale Compositions and Nanopore Structure Parameters
The organic-rich shale mainly contains organic matter and minerals, the minerals being clay minerals and quartz. To study the relationships between the main shale composition and nanopore structure parameters in marine shale, the relevant plots are presented in Figure 7 . TOC content presented a positive correlation with APS and a negative correlation with SA (Figure 7a) , indicating that the studied shale with higher TOC content might possess more macropores and smaller SA and micropore volume. However, the relationships between TOC content and APS and BET SA were not apparent, having correlation coefficients of 0.5584 and 0.4257, respectively, suggesting that the shale with a higher TOC content developed a more complex pore structure, resulting in a stronger heterogeneity of the shale reservoir. According to the results of the FHH fractal dimensions, the studied shale samples are fractal with a high fractal dimensions (2.6212 < D1 < 2.7231; 2.4825 < D2 < 2.6042), which further illustrates that marine shale with high TOC content may develop more heterogeneous micropores, leading to a higher fractal dimension and more complex nanopore structure. Furthermore, the relationships between total pore volume and TOC and Ro were also complex (Figure 7b,c) , exhibiting parabolic patterns, which suggests that, with the increase of TOC content and thermal evolution of OM, the variation of the pore structure is more complex. XRD results suggested that quartz and clay were primary minerals in the shale samples (Table 2) . We observed moderately positive relationships between BET SA and clay and quartz (Figure 7d ), while APS showed opposite correlations with clay and quartz (Figure 7e ). Quartz from marine facies possesses a larger number of macropores, resulting in a decrease of the BET SA and an increase of the APS, while clay minerals develop substantial micropores and work together with OM to influence the nanopore system of shale, leading to an increase of the BET SA and a decrease of the APS. However, there was no apparent relationship between total pore volume and clay or quartz (Figure 7f) , which indicated that a single mineral cannot determine the total pore volume and may only control the development of a certain type of pore in shale. As for clay minerals, slight relationships are observed in Figure 7g ,h, indicating that illite and chlorite had positive relationships with micropore volume and negative relationships with macropore volume. This result suggested that illite and chlorite contain more micropores and fewer macropores, which was also proved by the SEM images presented in Figure 8a ,b. Illite is generally leaf-shaped or filamentous, resulting in the development of micro-intergranular pores ( Figure 8a) ; chlorite, originated from biotite diagenetic transformation, usually shows schistose or planar schistose and presents very narrow slit pores among schistose layers (Figure 8b ) [55] . Overall, the complicated relationships between pore parameters and OM and the obvious correlation of pore parameters with quart and, clay suggested that OM pores were poorly developed and the complex of OM and minerals might be of great significance in the study of shale pore structure. 
Relationships between Mineral Composition and Fractal Dimensions
To study the correlations between minerals and fractal dimensions in marine shale, all linear diagrams between fractal dimensions and quartz and clay minerals are shown in Figure 9 . The result showed that the fractal dimensions (D1 and D2) had slight positive correlations with the clay content, whereas a negative relationship existed between the fractal dimensions and the quartz content (Figure 9a,b) , which is consistent with the results obtained for the Longmaxi marine shale and Niutitang marine shale [51, 54] . These relationships indicated that, with the increase of clay mineral content, the heterogeneity of shale became stronger, and clay minerals possessed a more irregular surface leading to a higher SA compared to quartz (Figure 10) . Therefore, the fractal dimension substantially represents the roughness of the surface and is correlated with the SA of minerals. Thus, the greater the value of the fractal dimension, the higher the SA. As for the clay minerals, the fractal dimension showed positive relationships with illite, kaolinite, and chlorite. In contrast, the fractal dimension was negatively correlated to MLIS (Figure 9c,d ). For MLIS, the spatial order of interlayer pores increased with the increase of pore content, which naturally reduced the fractal dimension [56] . In contrast, kaolinite, chlorite, and illite have few pores and were more likely to inhibit pore development in the pore system. Therefore, the increase of their content might increase the heterogeneity and complexity of the pore system, thus increasing the value of the fractal dimension of the pore structure, which is consistent with materials with a small number of pores [54, 57] . 
Relationships between Fractal Dimension and Nanopore Structure Parameters
As shown in Figure 11 , the fractal dimension correlated positively with the BET SA and total pore volume, with correlation coefficients of 0.3724 and 0.5357, respectively (Figure 11a,b) , which indicated that marine shale with higher fractal dimensions may have larger BET SA and higher total pore volume. The fractal dimension showed a negative correlation with the APS (Figure 11a) , suggesting that shales with complicated pore structures have relatively small APS. Moreover, the fractal dimension exhibited a positive correlation with the micropore surface area and micropore volume (Figure 11c) , suggesting that marine shale with higher fractal dimension tend to possess a greater micropore SA and micropore volume. This finding also indicated an irregular and complicated micropore structure in marine shale, while the fractal dimension had no apparent relationship with the mesopore surface area and mesopore volume (Figure 11c) , suggesting that the development of micro-fractures of clay minerals (Figure 12a ) and organic matter (Figure 12b ) might affect or lead to this relationship. In contrast, Figure 11e exhibits a significant negative relationship between the fractal dimension and macropore SA and macropore volume, suggesting that the increase of macropores led to the decrease of heterogeneity of shale. Therefore, the combination of micro-fractures with different dimensions and nanopores with different shapes and sizes led to a complicated pore-fracture system. 
Conclusions
Fractal characteristics and heterogeneity of the nanopore structure of marine shale in southern North China were studied using multiple analysis and testing methods. Compared with continental shale, the marine shale possessed a larger number of SA and PV, with an N 2 adsorption amount of 7.752-13.138 m 2 /g and 14.341-19.508 cm 3 /g, respectively. The PSD curves of marine shale mainly appeared unimodal, with a major peak corresponding to the pore size ranging from 1.4 nm to 1.6 nm in the microporous range, which is different from what observed for continental shales that possess a wide pore-size interval and pores that are primarily larger than 10 nm. The TOC content showed a negative relationship with the clay content and positively correlated with the quartz content, indicating that different sedimentary facies may control the precipitation of clay and quartz between transitional shale and marine shale, leading to different OM-clay relationships and different correlations between TOC content and mineral content. The shale with high TOC content tended to have more heterogeneous and complex micropores, leading to a higher fractal dimension and more complex nanopore system. With the increase of TOC content and thermal evolution of OM, the heterogeneity of the pore structure became more significant. The quartz from marine facies develops more macropores, resulting in a decrease of the BET SA and an increase of the APS, while clay minerals have abundant micropores and work together with OM to affect the nanopore system of shale, leading to an increase of the BET SA and a decrease of the APS. The spatial order of interlayer pores increased with the increase of MLIS content, which naturally reduced the fractal dimension. In contrast, kaolinite, chlorite, and illite have few pores and are more likely to inhibit pore development in the pore system, significantly increasing the complexity and heterogeneity of the pore-fracture system by mean of pore-blocking. Taiyuan shale with higher heterogeneity is highly fractal, and the fractal dimensions are principally related to micropores. The fractal dimension correlates positively with the BET SA and total pore volume, suggesting that marine shale with higher fractal dimensions may have larger BET SA and higher total pore volume. The combination of micro-fractures with different dimensions and nanopores with different shapes and sizes leads to a complicated pore-fracture system in marine shale. 
